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fhe original duration of this grant was two years from September 1,
1963 ﬁo August 31, 1965. However, the lack of graﬁuate student assis-
tan;efand the delay in the procurement of experimental viscosity and
therm;I conductivity data on para-hydrogen from the_National Bureau of
Standards at Boulder, Colorado necessitated the extension of this grant
to August 31, 1967.

During this perio&, published experimental information and particu-
larly that of the National Bureau of Standards was utilized to construct

reduced deﬁsity plots for para-hydrogen. This information with the at-

;i} mospheric pressure heat capacity line permitted the establishment of

;zf enthalpy and entropy charts for this substance.
.’j‘ The only available experimental viscosity data for para-hydrogen,
‘ éz; obtained by the National Bureau of Standards at Boulder, Colorado (10) was
:ﬁf- utilized to produce a reduced viscosity correlation for the gaseous and

liquid statés at cryogenic conditions. This correlation ih conjunction
with information available for normal hydrogen was then used to generéte
st\\ a_reduced viscosity correlation applicable to higher temperatures and
Q “ pressures.
;%95' Since experimental thermal conductivities for para-hydrogen in the

S\ dense gaseous and liquid states are not &et available, it became necessary

N to attempt the prediction of this transport properly using the theoretical
p . K '9
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approach of Eyskog. In conjunction with this, the viscosity and self-

diffusivity behavior were also estimated.

|

f! fHERMODYNAMIC.PROPERTIES‘OF_PABA-HYDROGEN

Thé'exiepsive experimental PVT studies o% the NétionalABurgau of
Standards include data for the satu}ated vapor and quui& densities (22),
freezing liquid densities (lS),and the comprehensive superheated densities
up to temperatures of 100°B.ana pressures of 350 atm (14).

In this investigation the following physical constants for p-hydrogen

have been accepted:

Critical Point (22): Tc = 32,976 + 0.015°K_
P_=12.759 +0.028 atm
§, = 00301559 + 0.00005 g-moles/cm

Normal Boiling Point (16,28):7Tk_ 20.268°%.

13.803°K. Pt = 52.8 mm Hg

- Trip}e Point (16,22): . Tt

Molecular Weight (22): M 2.01572

The PVT information has been utilized to construct the reduced den-
sity correlation presented in Figures 1 and 2. Figure'l utilizes recti-
linear coordinates and is more convenient for represenfing the high density
region, whereas Figure'z best represents thi; properly in the low density
region.

The ihermal data used include the experimental‘meaéurements for the
heat capacity of the saturated solid (5,17,20), the heat of fusion at the
triple point (29), the heat capacity of the saturated liquid (30), and the
calculated heat capacity at conStant'pressure of gaséous p-hydrogen at 1~
atm-(23). Latent heats of vaporization,h,were calculated‘(7) for p-
hydroéen from the triple point to the_criti;a] point.Fqu the Clapeyron
equation using the available vapor pressure data (1,16,28) and saturated

density measurements (22).



The effect of pressure on the enthalpy and entropy follows from con-

ventional thermodynamic relationships to be as follows:

M- Jh ?(%%Hd? o
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To calculate the necessary partlal derivative, (a?/aT) the isobaks
of Fxgurezi.and 2 were numerically differentiated by fitting a second
degreg orthogonal polynomial through a set of five points, the point of
interést being the central point of the set. .

The reference state was selected to be the solid state at T = 0°R)
where S = 0 b‘\u/\h *R and H-HJ =0 Y:h\/\h. For these thermodynamic calculations,
éxperimental vapor pressures (22) were used to calculate latent heats of
. vaporization. In this regard, the constants of the Frost-Kalkwarf vapor
pressure equation (13) were established to define the vapor pressure be-
havior of para-h?drogen between the triple pbint and the critical point

as follows:

I =g - S5 L psenmo T et (3)

where P is the vapor.pressure in millimeters of mercury and T represents
the absolute temperature in degrees Kelvin. Details concerning the es-
tablishment of these constants and the latent hgats of vaporization over
the complete qugid range can be found . elsewhere (9). The details of
the required calcu]atidns for enthalp% and entropy can be found elsewhere
(8). The final enthalpy and entropy plots for solid, liquid,_and gaseous

para-hydrogen are presented in Figures 3 and &, respectively.

TRANSPORT PROPERTIES

The viscosity measurements on para-hydrogen reported by Diller {10)



were used as the basis}for developing a reduced state viscosity correla-
tion forfthis sﬁbstance. Diller preﬁents experimental viscosities for
the gaseous and liquid states from 15°K to 100°K and pressures from L.2
fo 350 atm;IIIn order to establish the temp;ratqre dependence of r?, the
viscosity of para-hydrogen in the gaseous state at | atm., the isothermal
data of Diller were extrapolated to?= D. The intercepts répresent‘r and

were found to be as follows:

T,°K 33 36 Lo 50 60 70 80 100
yfxl 0,4 172 184 203 247 285  32h 355 k20
These values can be expressed analytically in terms of reduced tempera-
ture as follows:
s ROT AT IR, LEN @)

Values obFained from Equation (L) were in good agreement with the 1 atm
viscosity measurements between 20.5°K and 77 .8°K reported by Coremans e%
al (6). 1In their experimental study, no specific mention is made con-
cerning the form of‘gaseous hydrogen used.

‘To examine differences in the}f versus T& relationships Between nor-
mal and para-hydrogen, values of f'obtained from the compilation of Stiel
and Thodos (26) for normal hydrogen were used in conjunction with values
" obtained from Equation (4) for para-hydrogen to produce at the same re-
duced temperatures a linear plot of P‘ versus P“ on log-log coordinates.

This relationship can be expressed as

U » 1000 -
= 1004 C)
| Py | ®)
For normal hydrogen, the value TL= 33.3°K wés‘uséd (19). Equation (5)
was used to extgnd the-Yr values ‘obtained from the work of Diller (10) "

to temperatures below 33°K.



An attempt to relate the residual viscosity, V~Pf » with ?R' the re-
duced density, using the viscosity values of Diller (10) has shown that
individual relationships resulf for each temperature as shown in Figure
5. This temperature dependence is contrary to that encountered in the
behavior of the dense gaseous and»liquid states of such substances as |
argon (25), nitrogen (3), and carbon dioxide {i8). For these substénces
unique relationships of rvaa&m ?“ resul ted which were independent of
temperature. The anomolous behayior of para-hydrogen can be attributed
to the excessive quantum.deviations present in. this substance which is
very closely related to normal hydrogen, as indicated by Equation (5).

Figure 5 hés proved useful in establishing the viscosity of para-
hydrogen at the critical point. This was accomb]ished.by extending the
critical isotherm to ‘)& = }1.00, and thus'establishing‘a value of (Y.Y‘* )‘=
182 x 10-§t¥ which corresponds to a value for the critical viscosity of
V‘ = 354.5 X 10_%* whiich was adopted in the subsequent development of
a reduced viscosity correlation. This value of the critical viscosity
agrees closely with that estimated by Diller (10), ‘A‘{bﬁﬁiﬁ)x\ﬁsq.

Since Diller's work (TO) does not include experimental viscosities
for the saturated vapbr, the experimental viscosities for the saturated
liquid were used to obtain this information. A plot of‘k‘f versus ?& for
the saturated liquid state was extended to the origin and this extension
was assumed to describe the viscosity behavior of the saturated vapor.
This analysis allowed the establishment of the complete saturated viscosity
envelope.

All of the above information was then used to construct the reduced
-.viscoéity'éorfefafidn for.para;hydrogen'preseﬁtedfiﬁ Figure 6. In order

to provide a unified correlation for both normal and para-hydrogen, the



temperaturg range of Figure 6 was extended to ‘TR== 100. This was accom-
plished by accepting the viscosiéies for gaseous n-hydrogen at 1 atm above
:x& = 3.0 feporfed by,Stiél and Thodos (26). The viscosities in the high
temperature region are consistent with those-repofted'by Vanderslice et
al (27) which resulted from molecular beam measurements. For normal hy-
drogen} tﬂe critical constants recommended by Kobe and Lynn (19) were
adoptéd and are as follows: 'I = 33.3'K, ‘! = 12.8 atm, and ? = 0.0310
g/crﬁ’"g For normal hydrogen, a critical viscosity of r 361.5 x 10 tP
makes the P values reported by Stiel and Thodos (26) consistent with
F1gurg 6 in the temperature interval ]‘0'<TR<:3‘Q' F1gure ] represents
the final correlation for redu;ed viscosity of gaseous and liquid normal

and para-hydrogen for temperatures up to lk= 100 and pressures up to Y&— 30.

PREDICTION OF PRESSURE DEPENDENCE ON TRANSPORT PROPERTIES

The effect of pressure on the transport propertles of gases has been

predicted by Enskog (12) and is described by the following relationships:
% . hﬂ “;’R 2 0 \3%1 t6)
% ol o W+ S T bpd (7)
"
. 8)

: > '
where the quantities*\hf ,iﬁt , and (\\'3) )/(Y&) represent the ratio of
the respective transport property at any temperature and pressure to that
of the dilute gas at the same temperature. For real gases Eqskog suggested

that the molulush?x be obtained from PVT data using the fo]low1ng relat1on-

hﬂ%@%{i (9)

h1p



The parameter xﬁ appearing in the Eyskog modulus, h?l’ is a factor for the
probability of collisions, which for rigid spheres, Boltzmann (2) and

Clausius (k) developed the following relationship:

X Ve p + 0280 bg) +00 () - (10)
The PVT information presented in Figures 1 aﬁd 2 has been used to establish
' h?x vahues for para-hydrogen. Since this information is presented in terms
of reduced quantities, Equation (9) was transformed to express the Enskog

|
modulus in terms of these quantities as follows:

: & _y

: ke, an
For para-hydrogen, the critical compress1b1]1ty factor, % = 0.3025.

Reduced pressures and reduced temperatures corresponding to constant
reduced densities were obtained from enlarged plots of Figures 1.and 2.
These va]pes were used to obtain the fh'versus T& relationships presented
in Figure 8. The isochors of this figure are nearly straight lines and.
terminate either on the vapor pressure curve or en the selid-liquid line.
Each isochor was fitted by a least-squares criterion to.a polynomiel of
third degree or less and the quantity (MQ/aT;%k was determined by dif-
- ferentiation. This partial derivative was then used to calculate, with
Equation (11), the Exskog modulus,h?}\. The resules of this effort are
expressed in the correlation of the Exskog modulus, hﬂk, presented in
Figure 9. This correlation covers the range of the experimental PVT measure-
ments and includes the envelope for the saturated vapor and liquid states.
The value of the Ewskog modulus at the critical point resultiné from this
computatie_nal pfocedure % (\lﬁﬂt“ﬁ.‘ﬂ&;. |

In'order to apply Equations (6), (7), and (8), advantage is taken

of the fact that the value of x' approaches unity, not only for rigid



spheres, but also for real gases, as the Aideal gas state is approached.
Therefore, at constant temperature, hﬂ/‘) = hx has fhe limiting value of
L as ?-’—Q In order to deal with a dimensionless quant1ty, the ratio h?ﬂ?&
~has been employed to yleld the group \1? as the l1m1t1ng value. Con~
sequently, for several reduced temperatures, I 1.00, plots of hﬂl?a versus
‘:& were prepared and extrapolated to ?&= 0 to establish the intercepts h?c.
The glioup \\?ﬁ was found to be strongly dependent on temperature, and this
dependence can be expressed as

hg To«m ().
The resu!tmg values of i awd h?x in conjunction with the PVT data enabled
the calculation of the ratios ‘\/tl ‘k[ , and ?'&I(Ym) as functions of
reduced temperature and pressure from Equations (6), (7), and (8). These
ratios were obtained for the gaseous and liquid states up to TK= 3.0
- and IR‘*‘-‘SO, including the saturated envelope. Figure 10 presents the
‘lh&* correlation, while Figure 11 presents the‘%'\ﬁ:E correlation. For self-
diffusivity, a more convenient form which does not require density for its

use is the following:
I.;a_z L.E.&_
STV (13)

Consequem.:ly, the ratio Yi)/(l’&)*=2/l was correlated with Yk and T& to
generate the isothermal relationships presented in Figure 12. The cor-
relations presented in Figures 10, 11, and 12 permit the prediction of
\A, Q’., and Q for any temperature and pressure once the corresponding trans-
port property is available for the dilute gaseous state.

" The vaI1d1ty of Figure 10 has been checked with ﬂ\e mmﬂx da\e 0\
rD1Her (10) For these comparisons, the viscosity for the d1lute gaseous
state, F’ , was obtained from an equation presented by Diller (10). Vis-

cosities for several of his experimental conditions were calculated using



Figure 10 and were compared with eqrresponding expe}imental values. The
viscosit% at the critial point is predicted to be ?°= 36.6 x Idb g/cm sec
as compa;ed to Dillers estimafed value of ?g='(35.5i:0.5) X 166 g/cm sec.
For the liquid state, excessive deviations were encountered and therefefe“
it ie concluded that the eorEelation of Figure 10 fails to predéct pro-
perly the viscosity in this region. The comparisons indicate that the
accuracy of prediction is largely dependent on density and not on tem-
pereture and preSSure, At high densities, the deviations were found to be
large and consistently negative. At low densities, the deviations tended
to inctease and were found to be consistently positive. For the moderate
density range, Q.5<?&< \Fo, ' the average absolute deviat;ion was 5.0%.

These comparisons indicate that good agreement can be expected from
the use of Figures 10, 11, and 12 for moderate densities. At higher den-

. sities, including the liquid state, Enskog's classical approach appears
to fail and the more comprehensive model which includes quantum effecteis
required to account properly for the behavior of this substance in this.
region.

To improve upon the prediction of the pressure dependence of thermal
conductivity as developed from the Eyskog theory (12), presented in Figure
11, a novel approach has been employed which-utilizes'the established vis-
cosity behavior obtained from the experimental measurements of Diller (10).
As a point of departure, it is noted that the ratio, (k/‘f )/(‘A/‘.\’,‘), ob-
tained by dividing Equation (7)vby thation (6) becomes a function_of h?l
_alone. Therefore, the effects of temperature and pressure are included
in the parameter h?x . In order tlc_) render the dependence of:(kl&‘ )/(\xl‘f) :
on \\n generally applicable to all sulistances, it is ne‘ce‘ssefry to ‘nor= -

malize these quahtities. To do this, the reference state has been chosen



*
to be the critical point. Hence, at the critical point, the ratio, (k/*.x/

(‘A/\A ) becomes (k /{x)/(‘A /\A'! and the parameterh?x becomes (‘)?X)) » pro-

ducing the following normalized quant1t1es

WY/
N R "

a | “‘W& = &umc (W)

The validity of this development hinges on the postulation that the

relationship between R and (\!ﬂ),\ Riis general and applicabie to all sub-
stancesf. For a reference substance,argon was selected since its PVT, vis-
cosity, and thermal conductivity behav;or is well established for the dense
gaseous and liquid regions (21,2#,25). The dependence of R upon (hw)k -
in the dense gaseous and liquid states is presented in Figure 13. This
dependencé was not unique as indicated from the Ejskog theory, but was
found to be a weak function of temperature. The hgx‘ values for para-’
hydrogen presented in Figure 9, and the viscosities obtained from Figure 6
permitted the establishment of the temperature and pressure dependence of
the quantity of (k/‘k')/(k /‘k) for para-hydrogen. The value *k,-ﬁ 2.37
for para-hydrogen was obta1ned from Figure l]. The resulting pressure de-
pendence of thermal conductivity fo.r para-hydrogen, &/&*, is presented in
Figure 14 for the gaseous and liquid states and covers temperatures up to

1, = 3.0 and pressures up to I&=50‘

.3
Since the difference between the fhermal conductivity of para-hydrogen
and normal hydrogen in the dilute gaseous state is negligible (11), the
ldata.for nofmal»ﬁydrogeﬁ from éeven sources have been analyzed to yield the
relationship ' o

R {OAVAT - LA T YA (W)

wherel is in degrees Kelvin.



Figure 14 and Equation (16) offer a means' for establishing prelimi~-
nary thermal conductivities for para-hydrogeh in the gaseous and liquid
states, and until such a time when dependable exp}eri'mentéi‘values become

available, their use is recommended.

NOMENCLATURE

Enskog factor for molecular volume,t_.\t\slx .

= e

alsolute enthalpy, b\u/\\\

absolute enthalpy at T’Qo\ﬂ

thermal conductivity, t.a\/set. R

AS

thermal conductivity of dilute gas, ta\/w.m'\i

o" 7?8 ’p

thermal conductivity at critical point, R\/’W. AL i

o
*
p)d

thermal conductivity of dilute gas at critical temperature, LAySeL iy R
molecular weight
—pressure, atm

critical pressure, atm

reduced pressure,Y/lt

vapor pressure at triple pofnt,mm “R

gas constant

thermal conductivity - viscosity parameter, Equation (13)

absolute entropy, B\u]‘\\ °Y\

9o
temperature, K

— m;d';v;-v"-v,.,rv.'v-ez

-2

normal boiling péint, 'Y\

critical temperature, 'K

e

»

reduced temperature, T/T.‘

. . e
triple point temperature, K

< .,43"4

molar volume, t\ﬂslth\%



e i 3
v, critical volume, t.m/x—m\e,

2 / compressibiiity factor, Iv/Y\T
;,,

Zg critical compressibility factor,Pﬁ\)ﬁ/Y\X

Gfeek Letters .

d sel f-diffusivity, t(fset

* )
d self-diffusivity of dilute gas, m\/ﬁ!&
}\ viscosity, x,ﬁ?& Uy
‘f viscosity of dilute gas, X/sﬁ.ﬁ. i
ll‘_ ) viscosity at critical point, kl&e& tw
#*
P

\}iscosity of normal hydrogen in the dilute gaseous state, x/s&t Al

]x; viscosity of para-hydrogen in the dilute gaseousAstate, %/&Lm
P‘K reduced viscosity, }&/P‘_
* .
h _viscosity of dilute gas at critical temperature, XI&?&W\
. !

? density, X[m"
s)* density of dilu.te gas, X/Y.\\\s
?& critical density, x/m\"’

?& reduced density, ?/Y,‘

R Enskog factor for probability of collisions
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Figure I. Reduced density correlation for p-hydrogen

(rectilinear coordinates)
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